Abstract
Introduction
In recent years, industrial markets have undergone important changes, which have transformed the way in which companies must act and perform so as to maintain competitiveness; changes in management, process technology, customer expectations, supplier attitudes, competitive behavior and many other aspects [5] .
Enterprises aim at a profitability increase through the maximization of their production while maintaining low cost, high level of quality, service and safety. In this framework, the manufacturing facilities become very important assets, and maintenance, as a support function, becomes very critical. An efficient and effective maintenance becomes nowadays crucial for keeping production costs low and for ensuring that the production deliveries are on time [15] . One way to reduce the cost of operation and production is to optimize utilization of maintenance resources [3] . The effectiveness of maintenance management depends significantly on proper deployment of resources in the form of spare parts and other maintenance materials, manpower, necessary tools and instruments, and ultimately life cycle profit for an organization [21] . But since organizational resources are limited and scarce, prioritizing equipment for assigning resources is essential.
Preventive maintenance (PM) activity is relying on planning and scheduling. Planning the maintenance activities is necessary to set goals and objectives and to establish the procedures for accomplishing these goals, while scheduling involves the actual execution of the planned (and sometimes unplanned) maintenance activities. Maintenance scheduling is a form of decision making that is associated with vagueness and imprecision. It is the process of allocating the limited resources (workshop, manpower, machines, equipment, tools, spare parts, materials) to maintenance tasks over time in order to properly execute work orders, taking into account the operations sequence, standard times and priorities. The primary concern is setting the sequence of the outstanding work orders [23] . PM planning is among the most common and significant problems faced by the manufacturing industry. Production schedules are often interrupted by equipment failures, which could be prevented by proper preventive maintenance [22] . Equipment maintenance management must primarily provide operational or short-term (i.e., daily) and long-term planning.
Fuzzy logic has proven to be an effective and innovative artificial intelligence approach that can be employed in ERP systems to identify the most effective maintenance schedule through the use and translation of the linguistic, imprecise, vague, incomplete and subjective information; obtained through historical records, maintenance log books, and expert judgments regarding the component failure/repair characteristics and translating into precise numerical terms.
Many researchers have attempted to solve PM planning and scheduling problem, Graves and Lee [10] presented a single-machine scheduling problem with the objective to minimize the total weighted completion time of jobs. Lee and Chen [2] extended Graves and Lee's research to parallel machines. Qi et al. [20] considered a similar single-machine problem with the possibility for multiple maintenance actions, but the risk of not performing maintenance was not explicitly included in the model.
In this paper, the main goal is to use fuzzy logic to prioritize equipment activities for preventive maintenance in ERP through a suggested custom module. The motivation behind this project is that contemporary ERP systems support several processes of the business and administrative functionality, but the majority, if not all, of ERP systems do not support the maintenance-scheduling function. To achieve this goal, the paper is organized as follows. First, an overview of ERP systems and their integration into maintenance management is presented. Second, the main concept of fuzzy logic is explained along with its main applications in maintenance. In the next section, the proposed intelligent ERP module for maintenance scheduling is described. Finally, the last section establishes the conclusions.
ERP and Maintenance Management
Information and communications technologies have become major components of the competitive strategy of many businesses. This strategic emphasis has made it possible for managers to integrate information and communications technologies throughout the organization and link all business units together. Corporate-wide technology integration allows information users of the company to have access to the needed information in a timely fashion and make intelligent decisions. Currently, a popular approach to the development of an integrated enterprise-wide system is the implementation of an enterprise resource planning (ERP) system, also called enterprise system [1] .
Although the role of maintenance has been realized in the past, modeling of maintenance systems is not much investigated and few texts have been written in this area [19] [25] , and very limited research has attempted to consider and actually develop maintenance management into ERP systems [15] . Most of the maintenance information systems reported in the literature were preliminary effort, especially in performance reporting [18] . Nagarur and Kaewplang [14] presented an object-oriented decision support system for maintenance management, while Ip et al. designed a maintenance information system to be integrated into MRP II [7] . Duffuaa et al. [4] described a generic conceptual simulation model for maintenance systems. Recently, Nikolopoulos et al. [15] presented a design of an object-oriented maintenance management model and its integration into an ERP system. The proposed model focused on the effective modeling of information systems dealing with the task of maintenance planning and scheduling.
Fuzzy Logic and Maintenance Management

Fuzzy Inference Systems
Fuzzy logic is an artificial intelligence technique that tries to model human decision making and reasoning in complex environments. Fuzzy systems are rule-based expert systems based on fuzzy rules and fuzzy inference. Fuzzy rules provide a way to codify "common-sense" knowledge and skills, or knowledge that is subjective, ambiguous, vague, or contradictory.
Fuzzy inference system is the formal name given to a system that uses fuzzy reasoning to map an input space to an output space (Jang and Gulley, 2001) . A fuzzy inference system can be considered to be composed of five functional blocks, as shown in Figure 1 . The five blocks are:
1. A rule base containing the fuzzy if-then rules. 2. A database which defines the membership functions of the fuzzy sets used in the fuzzy rules. 3. A decision-making unit which performs the inference operations on the rules. 4. A fuzzification interface which transforms the crisp input variables into fuzzy variables with linguistic labels. 5. A defuzzification interface which transforms the fuzzy results of the knowledge base in combination with the results of the decision-making unit into a crisp output variables. 6. A "crisp" variable is a physical variable that can be measured through instruments and can be assigned a numerical (crisp) value is used to denote specified numerical values. A "fuzzy" variable is a variable that can only be described linguistically.
Figure 1
Fuzzy inference system (Jang, 1993).
Fuzzy Logic in Maintenance
Recently, many researchers have used fuzzy set theory in problem solving. Maintenance is rarely mentioned in such researches, mostly when discussing simple examples of fuzzy logic application in modeling rules of the so-called ''approximate reasoning'' [16] .
When referring to maintenance, special difficulties arise from the fact that some data are insufficiently precise or uncertain. Such data are often very important for management decision making and must not be disregarded. Ciarapica and Giacchetta [2] experimentally used neural nets and neurofuzzy systems to forecast activities in the maintenance cycle achieved the dual goal of identifying any need for measures ahead of the deadlines established for routine preventive maintenance in the event of alarm conditions being detected, and of postponing any scheduled measures in the event of the components in question still being in good condition. Using these tools enabled an accurate prediction of the values of the vibrations on rotating machinery based on the values of the operating parameters given as input. Khanlari et al. [9] treated uncertainty under the fuzzy set theory where equipment prioritizing solution was proposed. This approach systematically formulated experts' knowledge in a real world case. Prioritizing rules with six criteria were extracted through interview with PM experts of a factory and data were gathered for six sample equipment, then the results were presented to experts who approved priorities.
Proposed Fuzzy-Based Maintenance Scheduling Module In Erp
Preventive maintenance scheduling function of all ERP systems relies on expert knowledge and judgments, and feedback observations to prioritize preventive maintenance activities for equipment. This decision-making process is difficult as many constraints and machine environments exist that increase its complexity, such as the availability of equipment, spare parts, tools, personnel, skills, etc.
The objective of preventive maintenance programs is to minimize equipment downtime and the total cost of repair and inspection, measured in terms of lost production capacity or reduced product quality. Since resources are limited and scarce, preventive maintenance scheduling becomes important to ensure optimum resource utilization, to improve the availability of equipment, and to reduce the operation and maintenance costs.
Knowledge Base Acquisition
Having analyzed the maintenance-scheduling problem, the next step is the acquisition of the necessary knowledge concerning the constraints and environments that control prioritizing process. This knowledge was acquired from various sources, such as maintenance-scheduling text books, technical papers, specific company literature, and in some cases direct interviews with experts associated with the preventive maintenance scheduling academia. The knowledge acquisition stage is both difficult and time-consuming and is generally the major bottle-neck in the development of the fuzzy inference system.
In the proposed fuzzy inference system, the knowledge base is structured as follows: there are five prioritizing criterion describing the constraints and conditions of the equipment to be maintained. These criteria represent the inputs for the fuzzy inference system that lead to one output (i.e., the priority). The inference is governed by the rules that represent the second part of the extracted knowledge.
Prioritization Criteria:
The main prioritization criteria for preventive maintenance activities are identified as follows:
a. Severity of Failure (SOF)
Stephens [23] defined the severity as the effect of the failure that can result in loss of customers, varying degree of annoyance, injury, or death. Severity can be studied through failure mode and effect analysis (FMEA), which involves understanding the potential failures and their consequences on the equipment and the overall operation system. A severity column is used to rate the seriousness of the effect of failure on the system, customer, and/or the environment. Severity can be categorized based on a rating by using four linguistic terms as shown in Table 1 . 
8 High
Failures may result in a significant loss of function or a major portion of the facility.
6 Medium
Failures may result in minor damages.
4 3 2 1 Low
Failures are insignificant in nature and do not impact the system. They tend to be more of a nuisance and annoyance.
b. Criticality of Operation (COO)
It is the degree of criticality of equipment in the production line on the plant operation that may lead to bottlenecks and loss of function, and considers costs of stopped production. Critical equipment directly impacts system-operating functions. Critical means that the equipment has the potential of failing in some way and directly compromise the system's critical functionality. Critical equipment selection must be based on the system functionality provided, direct loss consequences, and evidence of loss. The criticality of operation can be estimated by the percentage of production loss due to stoppage in a specified period of time.
c. Equipment Availability (EA) Equipment availability is the proportion of time during which the equipment is expected to be up and operational. Equation (1) Where: MTBF: is the mean time between failures, which is the expected average time or the expected frequency with which the equipment is expected to fail. It is calculated as the total up time per failure of equipment in a given period of time.
MDT: is the mean down time, which is the average total amount of time that it takes to return failed equipment back online and ready for operation, from issuing a work order, to dispatching maintenance crew, to completion of the tasks.
e. Craft Utilization (CU) Craft utilization is defined as the percentage of time that craft labor is engaged in productive work, hands-on during a scheduled working period [17] . It can be used as an estimation of the availability of repair personnel, the greater the craft utilization the lower the availability of repair personnel. Minimum craft utilization is about 10%, while maximum craft utilization can reach 85%, taking into account the holidays, vacation/sick days, and break times.
f. Availability of Spare Parts (AOSP) It can be defined by the probability of finding the spare part available as soon as it is needed for use. A good indication of this probability can be found from firm's historical records during the latest periods of time. It can be estimated as given in Equation (2):
Where: NA: is Number of times the spare part is requested and found available NR: is Number of times the spare part is requested.
The value of this probability may change according to the availability of spare parts in the market, its price, the cooperation and discipline of the agents, and the managerial practices of the procurement and stock departments' personnel. The value of the probability may not be fixed. For example, the spare part that gets a probability of 34% due to out-of-control constraint, such as the dishonesty of the agent, may become 95% when dealing with another agent. The value of the AOSP may reveal many "hidden" obstacles or bad practices that may alert the management to take actions and find suitable solutions. [26] 4.1.2 Equipment Prioritization Guidelines:The criteria described above vary in their effect on the priority for preventive maintenance. Equipment that can create life-threatening situation or may cause serious damage to property -if it fails-needs to get the highest priority. A unique piece of equipment that can halt production when it malfunctions definitely requires closer maintenance care than one whose failure does not have a direct or immediate impact on the plant operations, or one that has a backup that can take over in case of a failure. Equipment that is subject to regular breakdowns and has low availability value requires special attention, while equipment that has unavailability of spare parts and repair personnel will be assigned higher priority. [27] 
A Fuzzy Inference System for Maintenance Scheduling
The direct approach that is based on experts' explanations was used to build the fuzzy-based maintenance scheduling system. This approach is more qualitative, flexible and interactive than the indirect approach where rules are extracted from data via tools like clustering and neural network. Another important factor that forced to use the direct approach is that it is hard to find a reliable maintenance database.
Having acquired the required knowledge, a PC-based MATLAB 7.0 Fuzzy Logic Toolbox was chosen as a development tool for the design of a fuzzy inference system (FIS). The design of the FIS starts with the fuzzification of the variables. There are five input variables (i.e., prioritization criteria), and one output variable (i.e., the priority P). At this stage, all variables are described linguistically and defined as "high", "medium" and "low" except the SOF and P which got an extra "very high" definition. Then, membership functions were determined from the extracted experts' knowledge. The Gaussian membership function is used to represent each linguistic term. It was chosen because the Gaussian function exhibits properties that are mathematically and computationally tractable [11] . The Gaussian function is also a continuously differentiable function, and has the advantage of being smooth and nonzero at all points [24] . Because of its smoothness and concise notation, the Gaussian membership function is a popular method for specifying fuzzy sets [8] . Besides, past experiences have indicated that it is a suitable choice in many applications, and has been a reliable performer [12] . The final fuzzy membership functions for the input and output variables are shown in Figure( The next step in the design of the FIS is the development of the fuzzy rule base. Theoretically, there were 324 rules which were reduced to 44 rules based on the acquired knowledge in the prioritization guidelines, as shown in Table 2 . An example of these fuzzy rules could be given as follows:
"If (SOF is L) and (COO is M) and (EA is H) and (CU is H) and (AOSP is H) then (P is L)" Table 2 The final extracted rules for the fuzzy-based maintenance scheduling system. Inputs Output Rule no.
SOF COO EA CU AOSP P
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The final fuzzy inference system (FIS) for prioritization of PM activities that is shown in Figure ( 3) is Mamdani type with weight factor of 1, and a default method of min-max implication-aggregation inference. The defuzzification of the output is made using the center of area method. Figure (4) shows an example of the resulting 10 surface plots of two inputs (e.g., SOF and COO) versus the output P.
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Validation and Testing
In order to validate and test the proposed FIS towards the quality and reliability of the produced schedules, a real data set which concerned medium size industrial company was used. Table 3 presents the assigned values of the prioritization criteria for nine test equipment and their resulting priorities. According to the results, equipment 2, equipment 8, equipment 5, equipment 6, equipment 3, equipment 4, equipment 1, equipment 9 and equipment 7 got first to ninth priority, respectively. The results were shown to maintenance experts who approved such priorities.
To illustrate the logic of the resulting priorities, a scenario of three equipment (e.g., equipment 5, equipment 6 and equipment 8) is given. It is clear that equipment 8 should have the highest priority since the SOF has high value. Both equipment 5 and 6 have low values of SOF. Although equipment 6 is more critical and has lower availability of repair personnel, but it is more available than equipment 5 which has lower availability of spare parts, therefore; it is reasonable that equipment 5 gets second priority, and equipment 6 gets the third priority. 
Proposed ERP module for PM scheduling
In order to achieve the integration of the proposed intelligent PM scheduler into an ERP environment, an advanced module is proposed. In this module, setup parameters and data are initially entered by the maintenance staff regarding the details of equipment to be maintained and their PM tasks, and then the values of the prioritization criteria are calculated or estimated in order to be used for determining priorities.
The proposed ERP module works in coordination with the intelligent PM scheduler (i.e., the FIS) so that the collected data are used as inputs for the system that assign values of the output for each equipment. The resulting priorities are then displayed in the module with the details of printable work orders. Figure (5) shows the use of the module with a conceptual example.
Using this ERP module makes the issue of equipment prioritization for PM much easier and far from the arbitrary and subjective judgments of the maintenance staff, because it employs both the expertise and the scientific knowledge.
Conclusions
In this paper, a fuzzy-logic-based maintenance scheduling system (i.e., intelligent PM scheduler) was proposed and implemented in an ERP environment. The main conclusions from this work could be summarized as follows:
Scheduling environment has many restrictions that are hard to build into an information system. The new challenge is the practical application of theoretical research in the area of maintenance scheduling and, further on, a potential expansion of ERP systems in order to provide considerable support to clients concerning the maintenance scheduling problem.
When prioritizing PM activities for equipment regarded to the scarce resources, special difficulties arise from the fact that some data are insufficiently precise or uncertain. Such data are often very important for management decision making. The fuzzy inference system (FIS) proposed in this paper was proved to be an innovative and practical solution to the scheduling problem described above that provides reliable schedules through a proposed ERP module.
The final FIS-based PM scheduler has a mamdani type with 44 rules and five inputs; the severity of failure, criticality of operation, equipment availability, craft utilization, and availability of spare parts, and has one output; the priority.
The proposed ERP module was tested against reliability and proved to be very useful in cancelling the arbitrary and subjective judgment and it relies on the scientific knowledge in scheduling PM tasks,. The usefulness of the proposed ERP module will be clear through the real integration of such a module in ERP packages, and the success of applying fuzzy logic approach for PM scheduling suggests its further use in other maintenance and industrial fields.
